INTRODUCTION {#s1}
============

Cardiovascular diseases (CVD) are the leading cause of death in most Western societies. Statistics from recent updates from the American Heart Association[@b1],[@b2] report that an estimated 82.6 millions of American adults, i.e. \>1 in 3, have one or more types of CVD. Coronary artery disease (CAD) is estimated to cause alone about 1 every five deaths and results in an estimated total annual cost of US \$165.4 billion. Although its mortality rate has decreased in the last decade, CAD prevalence is projected to increase over the next 20 years remaining a significant health-care burden for all industrialized and developing countries[@b3].

As a result of the profound economical and social impact of CAD prevalence, in conjunction with the persistence of many of its risk factors (e.g. obesity, diabetes, hypertension, sedentary life), in recent years we have witnessed a constant strive towards the development and the clinical application of novel or improved detection methods as well as therapies. Particularly, *noninvasive* imaging is a decisive component in the cardiovascular field, affecting all stages of disease management: from a correct and possibly early diagnosis, to guidance through available therapeutic solutions, to the selection of the patients that would benefit from those choices.

Today, most common noninvasive imaging modalities to investigate CAD include myocardial perfusion imaging (MPI), performed by means of single photon emission computed tomography (SPECT) or positron emission tomography (PET), and computed tomography angiography (CTA). All modalities have their own weaknesses and strengths and which test will be initially performed on a particular patient depends mostly on the symptoms and the pretest likelihood of CAD. CTA is primarily considered an *anatomical* study to image the coronary tree that supplies blood to the myocardium, potentially capable of replacing invasive coronary angiography (CA); SPECT and PET are highly reliable *physiological* tests conveying information about myocardial perfusion (blood flow) and viability. A substantial amount of literature indicates that a comprehensive technique for CAD assessment should provide the complementary information about coronary morphology and myocardial function. The concept of 'one-stop-shop' -i.e. one imaging modality that could alone assess all aspects of ischemic disease - has intrigued clinicians for some time[@b4], but despite that technical improvements are continuously being implemented, each technique will likely keep bringing its own specific advantages, at least in the cardiac field.

Instead, both cardiologist and researchers in the field agree that *image fusion*, i.e. the possibility of combining into a single integrated display the clinical data independently retrieved by each modality, represents a new promising strategy in cardiovascular diagnosis and risk stratification. The integration is achieved by way of software methods globally catalogued under the term of *image registration techniques* that align two different types of images of the cardiovascular system obtained either sequentially and, to some extent, simultaneously, into a single framework. In its most successful cardiac application, image fusion overlays anatomical and functional datasets: for example, CTA and SPECT may be combined, so that each hypoperfused region can be directly linked to a specific stenosis along the coronary tree. In the fused image the two studies work synergistically increasing not only the diagnostic power of each modality, but also of their more traditional side-by-side interpretation[@b5].

In the following sections the more widely used noninvasive imaging modalities for CAD assessment will be presented, and advantages and disadvantages of each approach will be outlined putting forward the rationale for multimodality image fusion. A general description of the image registration framework and its essential technical requirements will be introduced. Main techniques and results of image fusion and its clinical potential will be reported. This review will conclude underlying the existing limitations of image fusion approaches in the reality of clinical settings and patient well-being.

NON-INVASIVE IMAGING MODALITIES FOR CAD ASSESSMENT {#s2}
==================================================

Computed tomography angiography {#s2a}
-------------------------------

Although the gold standard for the characterization of coronary morphology remains invasive CA, contrast-enhanced, electrocardiographically gated CTA is the most promising non-invasive modality to visualize both calcified and non-calcified plaques and to estimate the degree of stenosis with a minimum pre-requisite of 64-multidetector row device. Given the tremendous advances in terms of temporal and spatial resolution, CTA has been given significant attention in recent years; a number of single center and multicenter studies have been published detailing its capability in correctly diagnosing CAD with respect to CA[@b6],[@b7],[@b8],[@b9]. In [***Fig. 1***](#jbr-27-06-439-g001){ref-type="fig"}, a normal case and a case with left anterior descending artery disease are depicted by means of CA, reformatted CTA and CTA-derived volume rendering technique.

![A normal case (A) and a case with LAD disease (B) visualized by means of reformatted CTA (top), CA views (bottom, left) and CTA-derived volume rendering technique (bottom, right).\
Red arrows identify significant stenosis \>50%. Images courtesy of Dr C. Santana.](jbr-27-06-439-g001){#jbr-27-06-439-g001}

The main advantage of CTA is the excellent negative predictive value (NPV) - that is the ability of ruling out the presence of disease - in symptomatic patients with low pre-test likelihood of CAD, but even in situations of acute chest pain[@b10]--[@b13]. The main disadvantage is the suboptimal positive predictive value (PPV) - that is the ability to correctly diagnose the presence of disease - for both \>50% and \>70% stenoses. The low PPV is due to the frequent overestimation of luminal narrowing especially in situation of densely calcified plaques. Calcifications induce blooming artifacts in the images, which in turn prevent the correct and reliable assessment of the degree of stenosis; most commonly this results in overestimation of the severity of the disease or in technically inadequate studies that prevent the accurate assessment of certain vascular segments. Additionally, since CTA cannot evaluate ischemic burden, even if obstructive disease is detected the functional relevance of a measured stenosis cannot be estimated[@b14]--[@b17] and consequently the actual need for revascularization assessed. This is particularly true for intermediate lesions for which the questions on whether CA would be needed and catheterization would be effective[@b18] may remain unanswered on the basis of the CTA test alone. There are situations where CTA alone could answer the clinical question. Two examples are patients with normal coronaries and high-risk patients with CTA-based diagnosis of 2- or 3-vessel coronary disease and involvement of the proximal left anterior descending (LAD) coronary artery will most likely benefit from revascularization[@b19].

Apart from the aforementioned limitations in evaluating densely calcified plaques and intermediate lesions, CTA necessitates the administration of an intravenous iodinated contrast, which is particularly contraindicated in patients with renal dysfunction. In patients with high heart rate, poor quality images may also result from difficulties in performing gated acquisitions. The radiation exposure is also a limiting factor to the widespread use of CTA, although recent developments and new protocols allow acquisitions with low radiation dose[@b20].

Myocardial perfusion imaging: SPECT and PET {#s2b}
-------------------------------------------

Rest and stress myocardial perfusion imaging, utilizing SPECT and PET radionuclide techniques, are today the most efficient noninvasive methodology for the detection and quantification of obstructive CAD. Presence of reversible perfusion defects of tracer accumulation are interpreted as a sign of exercise-induced hypo-perfusion, while fixed defects at rest and stress as proxies for myocardial scar[@b21],[@b22]. The strength of nuclear cardiology resides in the extensive amount of clinical and scientific publications supporting the use of ischemia measurements in guiding patient management and therapeutical decisions. Additionally, in the last decade, a number of software packages have been developed for the fully automated and objective quantification of myocardial perfusion images and extraction of clinical data. These automated software packages have allowed the standardization and widespread utilization of nuclear cardiology as the most reliable diagnostic test for CAD disease evaluation and patient risk stratification[@b23],[@b24],[@b25]. In [***Fig. 2***](#jbr-27-06-439-g002){ref-type="fig"}, the active view ECTb display of a patient is shown[@b23]. the quantitative analysis includes: planar projections, oblique slices, polar maps including normal database comparison, 3D displays, 17-segment summed score polar maps, LV volume/time curve and regional thickening map.

![Active view display ECTb23.\
The display integrates different types of image quantification: planar projections, oblique slices, polar maps including normal database comparison, 3D displays, 17-segment summed score polar maps, LV volume/time curve and regional thickening map.](jbr-27-06-439-g002){#jbr-27-06-439-g002}

SPECT {#s3}
=====

Single photon emission computed tomography is the most frequently performed MPI technique in the US for CAD assessment. Mean sensitivity and specificity for the detection of \>50% stenosis are, respectively, 86% and 74%[@b26]. Robust data support its prognostic value[@b27]--[@b30]: the basic assumption is that risk of adverse events is directly linked to the size of the perfusion defect, which in turn reflects the extent of obstructive CAD; the larger the defect, the worse the prognosis. Annual rate of events for patients with normal stress scans is 0.8% while it increases to annually 5.6% for abnormal scan.

The main disadvantages of SPECT imaging are that attenuation artifacts can be interpreted as perfusion defects and that SPECT commonly underestimates CAD extent in case of multi-vessel disease and LAD involvement, particularly in patients with diabetes. The latter is due to a mechanism called "balanced ischemia" that reduces contrast heterogeneity between normally and abnormally perfused territories, affecting the test ability to distinguish between them. MPI tests reveal ischemia in areas supplied by the most severely stenosed vessels and no detection of subclinical atherosclerosis is possible. This is indeed expected since MPI is designed to extract functional information, i.e. flow-limiting stenoses.

A crucial drawback when dealing with MPI interpretation is the lack of anatomical information. Myocardial distribution territories are traditionally assigned to their subtending arteries by the use of the 17-segment model as proposed by the American Heart Association[@b31]; it is, however, documented that in 17% to 50% of patients the standard modeling does not correspond to the actual coronary anatomy[@b32], further complicating the identification of the stenosis responsible for a specific perfusion defect.

PET {#s4}
===

Positron emission tomography (PET) shares many aspects with SPECT in terms of pros and cons. It can be considered as an alternative test although until recently its diffusion as a standard clinical study was hampered by the limited availability of devices and the complex production of proper radiopharmaceuticals. With respect to SPECT, PET is characterized by a higher spatial and temporal resolution and benefits from depth-independent attenuation correction techniques, which makes it the gold standard of myocardial perfusion imaging. Its sensitivity and specificity are slightly better (90% and 89%, respectively[@b9]), as it is the capability of detecting patients with multi-vessel disease. As opposed to SPECT, PET allows the accurate quantitative measurement of absolute myocardial blood flow at rest and stress (measured in mL/g/min); the coronary flow reserve can further be computed as the ratio between myocardial blood flow at stress and the blood flow at rest. The clinical use of these measures has been shown to have strong additional prognostic power in risk stratification especially in difficult cases with multiple vessel disease[@b33]--[@b35].

Image fusion: more than the sum {#s4a}
-------------------------------

The routine application of CTA and MPI for the assessment of CAD provide complementary diagnostic information for a comprehensive picture of disease severity. Another attribute of combining the use of these two techniques is that their weaknesses affect different aspects of the complex task of CAD detection and management. Whenever one of the two approaches, anatomical or functional, fails to be decisive in detecting disease or guiding clinical decisions, the other one can complement the diagnosis with additional information and help solving borderline findings. Densely calcified vessels will not affect image quality in SPECT or PET studies; multi-vessel disease or left main coronary artery stenosis, which is often misread with MPI, is, on the other hand, well diagnosed by means of CTA. Intermediate lesions can be difficult to classify on CTA unless functional formation on the subtending myocardial perfusion is provided, while even in the presence of a defect, MPI scans may not clearly identify the vessels responsible for the hypo-perfusion, unless patient-specific coronary tree anatomy is given.

The excellent ability of this noninvasive integrated information to guide CAD management and limit the use of CA to the patients that will truly benefit from revascularization techniques was demonstrated in a number of studies[@b36],[@b37]. Patients will benefit from invasive procedures only when flow-limiting stenoses are present and ischemia proven; on the opposite, aggressive treatment of non-flow-limiting stenoses - which is not without periprocedural risks - will not significantly change patient\'s prognosis or symptoms[@b38]. In their work, Gaemperli and co-workers reported that by CTA-MPI integration all flow-limiting stenoses were identified, but also that a consistent number of cases that did not show flow-limiting stenoses or myocardial ischemia eventually underwent unnecessary revascularization. The authors concluded that non-invasive combined imaging approach could prevent unnecessary procedures and guide patient selection.

Thus, image fusion does not just deal with the convenience of having an additional cardiovascular test in ambiguous cases (it is estimated that 15-30% of patients will require multimodality imaging tests[@b38]), but, with the actual merging in the same visualization, display the two types of information simultaneously. Traditionally, multimodal imaging studies have been viewed and analyzed separately in a side-by-side fashion and mentally combined together to clear doubts or inconsistencies. In a study specifically designed to address this issue[@b5], the authors examined the incremental diagnostic value provided by fusion of SPECT and CTA studies with respect to MPI evaluation alone and CTA-MPI side-by-side approach. After the initial diagnosis with only the MPI scans physicians were presented with the CTA datasets, which allowed them to modify their reports in 50% of the cases; when the fused displays were provided, reviewers changed their decisions in 28% of the cases. The confidence in interpretation was higher with software-integrated images with decreased number of misinterpretations and better accuracy, particularly in the LAD territory ([***Fig. 3***](#jbr-27-06-439-g003){ref-type="fig"}).

Analogously, Gaemperli and coworkers[@b39] demonstrated that in one third of their cardiac patients the fused CTA-SPECT analysis provided additional diagnostic information with respect to the side-by-side interpretation of stand-alone CTA and SPECT acquisitions. Particularly, cases with lesions in the distal and diagonal segments benefited by the integrated display. The ability of fused images to correctly establish the hemodynamic significance of an intermediate lesion on CTA was further underlined as it may help avoiding unnecessary interventional procedures.

![Example of fusion display versus side-by-side interpretation for a patient with multi-vessel coronary artery disease.\
A: Short-axis, vertical and horizontal long-axis slices of stress/rest SPECT. B: corresponding polar maps. C: CTA multiplanar reformatted images of LAD (top) and RCA (bottom). D: volume-rendered display; E: two views of the fused display obtained by means of the algorithm described in[@b66]. The black area on the integrated image identifies the regions of myocardial hypoperfusion during stress. The tracts of the coronary tree in green color are segments distal to the stenoses. The fused display was read as positive for coronary artery disease and confirmed by invasive coronary angiography. Images courtesy of Dr C. Santana.](jbr-27-06-439-g003){#jbr-27-06-439-g003}

MEDICAL IMAGE REGISTRATION, THEORY AND METHODS {#s5}
==============================================

Image fusion is the procedure of integrating relevant information from two or more images into a single one so that the result will be more informative than any of the input singularly considered. From the technical point of view, image fusion applies techniques from the more general field of *image registration*[@b40],[@b41],[@b42]. The final goal is the spatial alignment of two images so that anatomical or functional features can be directly co-localized in both datasets point-by-point. The increasing use of radiological images obtained with different modalities and at different points in time has made image registration a very active field in medical image processing. Particularly, automated registration techniques have been the focus of considerable investigation[@b43],[@b44]. Interactive alignment is still an option in research applications, often used as reference for validation purposes, but lacks reproducibility and can be critically time-consuming when translated to a clinical setting.

Three main components have to be defined for a registration procedure to be correctly outlined: a *transformation model*, a *similarity metric* and an *optimization method*. The process of image registration will find the optimal geometric transformation that maximizes the correspondences across the two images, the floating image - the one that has to be registered - and the reference image. All three components are application-dependent and a number of choices exist.

The transformation model defines how the coordinates between the images are related. The rigid body transformation is the most common choice: it assumes that the distance between any two points in the body remains the same irrespective of the image modality. The only possible geometric transformations between the two representations are rotations and translations along X, Y and Z for a total number of six parameters - scaling may also be included adding three more parameters. Eventually, a single coordinate transformation maps each position in the floating image to the anatomically correspondent point in the reference one. Non-rigid transformations are employed when the hypothesis of rigidity cannot be applied, which typically happens when breathing motions or tissue movements between the two acquisitions cannot be disregarded. In this case, a global mapping between floating and reference image cannot be written; instead a rigid registration is commonly used as a starting estimate and the non-rigid component is modeled as a deformation field that represents the displacement vector required to align the datasets for each point of the image lattice. More physical models have also been broadly investigated to mathematically characterize how tissues may move; common examples are fluid[@b45], diffusion[@b46] and elastic models[@b47]. The complexity of non-rigid transformations with respect to the rigid ones is greatly increased from both the theoretical and computation point of view, but rapid progresses have been made in the field and many applications benefit from the higher accuracy granted by these types of models[@b48].

The similarity metric quantifies the degree of alignment between two given images; during the registration process, which usually employs iterative algorithms, the similarity measure increases until a maximum is reached. A large variety of metrics have been proposed, mostly because the quantification of "matching" depends on the type of information that will be used to actually align the data. Two main approaches are available: *feature-based* and *voxel-based*. In the feature-based approach a pre-processing step is required to extract from the images anatomic landmarks or geometric characteristics, such as lines or edges or organ contours, and the similarity measure quantifies the "distance" between corresponding landmarks or surfaces[@b49]. Among the most used numerical techniques are the iterative closest point (ICP) algorithm for matching clouds of points[@b50] and the "head and hat" method. The head and hat method was specifically applied to intermodality registration of a high-resolution anatomical dataset with a low-resolution functional one[@b51], as it commonly occurs in image fusion for CAD assessment[@b52],[@b53]. The great advantage of feature-based approach is its suitability for both intra and intermodality registration, but requires a preliminary segmentation step tailored to each modality and high accuracy to avoid segmentation errors to adversely affect the registration results. Voxel-based approaches directly use the intensity values from the two datasets: in case of intramodality registration, they directly compare the datasets voxel by voxel, or compute the sum of intensity differences (SSD[@b45]) or the normalized cross correlation (NCC[@b45]). For the more recurrent multimodality registration, techniques from the information theory framework have been applied: image registration should in fact align images so that the content of shared information is maximized in the combined image. To this task, metrics to quantify information in a given image have been used, such as Shannon-Wiener entropy and the joint entropy measures[@b54], mutual information[@b55] (MI) and normalized mutual information[@b56]. Methods maximizing MI have shown the most promising results[@b57],[@b58]: MI is a measure of how well one image can "explain" the other in terms of the information it contains; no assumption is made on image intensities, which makes it particularly effective in multimodality imaging.

Once the transformation model and the similarity metric have been defined, an optimization method must be selected. An optimization method is numerical routine that iteratively searches the space of the transformation parameters, evaluates the agreement between the transformed image and the reference one at that particular step and stops when some predefined level of matching has been reached. The computational burden can become easily cumbersome depending on the size of the images, the number of the transformation parameters and the method selected. Many different algorithms are available ranging in speed and reliability: Powell\'s method, simplex algorithm, gradient descent method and least squares approaches[@b59]. To improve both speed and accuracy of the selected algorithm, the coarse-to-fine approach is often selected, where instead of the original images, coarser ones are initially used to obtain an optimal transform; then the resolution is progressively refined and the previously identified transform used as an initialization for the new registration process.

IMAGE FUSION IMPEMENTATIONS {#s6}
===========================

Over the last decade, many studies and research groups have tried, tested and validated different image fusion procedures in the context of clinical CAD assessment and management.

The initial attempts to implement image fusion and test its potential appear in the works of Pfeifer et al.[@b60] and Faber et al.[@b61] and they coincide with the ability of reconstructing 3D models of the coronary trees and of the LV epicardial surface from respectively biplane CA and perfusion studies. Given that the two models are semi-automatically obtained[@b62],[@b63], Faber and colleagues describe a technique to unify them based on an optimization approach. A cost function consisting in the distance of the LAD to the interventricular groove and the left circumflex artery (LCX) to the atrioventricular groove is minimized using a conjugate gradient technique. The method was validated in an animal study and showed an excellent spatial correspondence between stenosed artery and abnormally perfused areas. Schindler and coworkers[@b64] designed a methodology to retrieve the 3D coronary tree from two angiographic views specifically selected to allow optimal visualization of the vessels and minimization of foreshortening. The vessels were manually segmented by following their course on the images, placing fiduciary points and interpolating the final paths with Bezier curves. After an initial manual masking to remove extra cardiac activity, automatic quantification of MPI-SPECT was performed to obtain a triangulated surface of the left ventricular (LV) epicardium; the surface was color-coded with the perfusion information. The fusion procedure was performed in three successive steps the angiographic data were transformed to the MPI coordinate system; information about the calibration of the angiographic images allowed the coronary tree to be scaled to match the size of the ventricular surface; a final 3D translation matched the coronary tree to the left ventricle surface. The authors determined that in 74% of the cases the stenosis manually identified by an expert user on the CA corresponded to perfusion defects. In a more recent paper, Faber et al.[@b65] analogously extracted the coronary tree anatomy from CA and registered it to MPI-SPECT. The nuclear image analysis was automatically performed by means of the ECTb[@b23], a software package for objective and reliable quantification of MPI images that allow the extraction, among many other features, of the LV epicardial surfaces. The angiographic images were manually segmented with an ad hoc software tool to extract the coronaries centerline; 3D models of the coronary trees were eventually created with either constant radius or by applying edge-detection techniques on the original images once the centerlines have been delineated. The fusion process envisaged three phases: an initial rough alignment of the coronary tree with the SPECT image, followed by a more refined one and a final non-linear warping of the coronary models to adapt to the LV surface. The registration was performed by initially aligning the left anterior descending artery (LAD) and the posterior descending artery (PDA) with the anterior and posterior interventricular grooves, respectively[@b66], and successively applying the ICP algorithm to further improve the alignment. In the final step, the distance between each coronary point and the LV surface was computed and the coronary points translated by the same distance onto the surface. As a validation of the complete procedure, two areas were computed on the LV surface: one from the quantification of the perfusion abnormalities - the myocardial 'blacked-out' area - and one to estimate the myocardial area at risk due to the presence of the blockage; good agreement in the overlap of these areas confirmed the accuracy of the registration procedure. In [***Fig. 3-E***](#jbr-27-06-439-g003){ref-type="fig"}, an example of the fused display obtained with this procedure is shown. This possibility of performing a quantitative image fusion can be an additional asset to the physicians\' understanding of difficult cases and their confidence in making therapeutical decisions as compared to more qualitative approaches that mostly rely on efficient visualization techniques of both datasets[@b67].

The previous examples are mostly application of feature-based registration. In this approach, the original images are pre-processed to segment objects or identify anatomical landmarks that are in turn used to align the datasets. Although the coronary segmentation may require some adjustments, the general approach may be applied to non-invasive CTA acquisitions with relatively small changes.

A voxel-based approach was instead developed by Slomka et al.[@b68] for the automated registration of CTA and SPECT images. Pre-processing of the original images was still performed: coronary tree anatomy was extracted using vendors\' software tools in a semi-automated fashion; LV myocardium and blood pool were automatically identified in MPI images and new volumetric dataset with masked myocardium and blood pool was created; the CTA image was smoothed with a Gaussian filter to remove noise. The whole images - CTA and preprocessed MPI - both oriented along the transverse axis, were used as inputs to the registration framework. The rigid transformation was applied, the SSD was used as a similarity metric and gradient descent as optimization method. To avoid unreasonable solutions and speed the process the coarse-to-fine approach was implemented. The final optimal transformation was eventually used to register the coronary tree on the MPI surfaces.

In all these implementations, rigid transformations were used to control the registration process. Since we are dealing with the beating heart and in many situations with gated MPI acquisitions, this may lead to inaccurate results. Woo and coworkers[@b69] developed a registration method to account for phase mismatch between CTA and SPECT. A fully automated segmentation of LV myocardium and blood pool was performed for all gated datasets and new masked volumetric datasets created. All new MPI volumes were rigidly registered to the CT volume - after Gaussian smoothing. This process is followed by an energy functional with a piecewise constant image model for the three segmented regions, (myocardium, blood pool and extra cardiac structures) was constructed and minimized by means of gradient descent algorithm using a region-based SSD as similarity measure. The frame that best matched the CT was identified and all the remaining frames were warped by means of thin-plate spline algorithms and summed to create a better static image with less motion artifact. This was finally fused with the CTA and the CTA-derived coronary anatomy.

![One case example of image fusion based on Faber et al.[@b70] performed with ECTb[@b23].\
Left - preliminary image processing steps for extraction of anatomical data from CTA: selected slices of original CTA images (A), heart shape (B), myocardium (C), left and right chambers (D); one iteration of the image registration procedure based on mutual information (E). Right - Fused displays. F: 3D surface rendering of RV, LV and coronary trees extracted from the CTA; RV surface is opaque, LV surface has mapped perfusion values from stress/rest SPECT; G: short and horizontal axis slices of synchronized CTA and SPECT scans.](jbr-27-06-439-g004){#jbr-27-06-439-g004}

Image registration algorithms should take advantage of all the available information present in the input images. Given the characteristics of the MPI images, the majority of algorithms employs only the LV position and orientation to guide the registration process. In an article by Faber et al.[@b70] the right ventricle (RV) was also included in a voxel-based registration algorithm to fuse CTA and SPECT acquisitions. Since multimodality image registration is particularly challenging due to the high differences in image intensities and features, in this work, pre-processing steps were applied to the CTA volume to make it look more similar to the MPI so that mutual information could be used to guide more reliably the alignment. CTA images were manually segmented by means of an in-house software program: endocardial and epicardial borders for both LV and RV delineated. The LV chamber was automatically identified and reoriented into short axis slices for both CTA and SPECT[@b23]. The two LV volumetric masks were rigidly registered by maximizing their product over all possible 3D rotations and translations. This initial transformation was then applied to the full CTA binary mask, smoothed with a Gaussian filter and multiplied to the original MPI image to remove all SPECT extra cardiac activity. The final registration step maximized mutual information between masked MPI and smoothed CTA binary images and mapped the SPECT image to the CTA short axis space; the presence of both RV and LV in the input image should reduce problems of symmetry often encountered when only the LV is used. Should CTA-derived coronary anatomy be available, it would be directly fused on the MPI images and surfaces. [***Fig. 4***](#jbr-27-06-439-g004){ref-type="fig"} shows one case example of image fusion obtained with this methodology.

As more information is included into the modeling, such as anatomy or tissue deformation, the complexity of the algorithms and numerical techniques required to solve the registration problem increases consistently. While the accuracy of the integration may benefit from the more advanced approaches and their application is greatly desired, the final translation into a clinical environment may be affected in terms of computational requirements and time constraints.

LIMITATIONS {#s7}
===========

Although significant amount of work has been carried out in the specific field of multimodality image registration for CAD assessment and its additional diagnostic value is widely accepted and demonstrated, image fusion techniques have not completely been translated into clinical routine. The main reason resides in the fact that important parts of the registration techniques proposed and even successfully validated still require intensive manual interaction. This is particularly true for the anatomical information extraction. Differently from nuclear cardiology that has witnessed and benefited from the development of robust software tools for image quantification, automatic segmentation of the coronary artery tree, the myocardium and even the blood pools from anatomical acquisitions are far from established. Additional work will be needed in the image processing field to allow a straightforward and seamless inclusion of image fusion into the routinely used clinical tools.

Hybrid PET/CT and SPECT/CT scanners are considered promising solutions to these issues since both functional and anatomical datasets are acquired at the same moment and within the same device no registration is in theory needed. In practice, respiratory and heart motion artifacts will still be present and require software approaches to be controlled and minimized. Additionally, while allowing immediate image fusion and direct visualization, hybrid systems will lack the strength of quantitative evaluations that greatly increase image fusion potentiality to solve borderline cases.

A crucial limitation for the multimodality fusion of stand-alone acquisitions is the cumulative radiation dose the patient would receive with the sequential imaging. Although this is still under debate, new devices and new protocols in both the computed tomography and nuclear cardiology fields are continuously being tested with the final goal of reducing radiation while still maintaining efficiency and accuracy.

CONCLUSIONS {#s8}
===========

Clinical evidence suggests that image fusion can be a reliable and useful tool in the hands of clinicians for a more accurate diagnosis of CAD, specifically for ambiguous and borderline cases. Additional technical developments in the extraction of anatomical information are still in order for the whole procedure to become fully automated and enter the clinical practice.
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